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 5 wt% of Na and 20 wt% of Ce led a material with good structure and basicity.  
 FAME contents within EN 14214 limits were obtained using 5Na/20Ce/SBA-15 
catalyst.  
 5Na/20Ce/SBA-15 was used 5 consecutive times without significant loss of activity.  











 Produced biodiesel meets key quality properties established by EN 14214.  
Abstract 
 
With the purpose to compete with the homogeneous catalytic biodiesel production, a highly 
efficient bimetallic solid catalyst with high exposed surface, high basicity, and reusable 
throughout several reaction cycles, was developed by doping SBA-15 with sodium and cerium in 
different concentrations. The catalyst with 5 wt% of sodium and 20 wt% of cerium showed good 
structural ordering and had the highest basicity due to the presence of a large amount of medium 
and strong sites compared to the other materials. It was effectively used as a solid base catalyst 
for biodiesel production from sunflower oil and absolute methanol. The highest FAME content 
(98.9 wt%) was achieved under optimum conditions of 40:1 methanol/oil molar ratio, 10 wt% 
catalyst loading, 60 °C, stirring speed of 600-700 rpm and 180 min. Further, this material was 
reused for five consecutive runs, obtaining FAME contents greater than 90% in each one of them. 
 






Fatty acid alkyl ester (FAAE), better known as biodiesel, is a substitute for petroleum diesel fuel. 
It can be used directly on diesel engines because of their similar properties, or in proper blends 
[1].  
Due to conventional fossil fuel depletion given by the growth of population, transportation, and 
industrialization, biodiesel has attracted more attention since it can be obtained from renewable 
raw materials such as vegetable oils (edible and non-edible) and animal fats [2,3]. Further, it has 











cetane number, better lubrication, noncorrosive, a positive impact on the fossil fuel footprint, 
environmental compatibility owing to its lower emissions, biodegradability, renewability, and 
negligible toxicity [1,2,4–6].  
Biodiesel is generally produced by a transesterification reaction or alcoholysis. The main objective 
of this process is to reduce the viscosity and density of the starting oil/fat and improve the 
properties of the fuel by producing alkyl esters when triglycerides react with a short-chain alcohol 
[7,8]. When methanol is employed as alcohol, fatty acid methyl esters are generated, usually 
known by its acronym FAME. In all cases, glycerol is generated as a byproduct [9,10].  
The possibility of reducing the environmental impact that the homogeneous industrial process 
generates has made the research focus not only on the need to maximize conversions and yields 
but also on the development of benign and non-corrosive solid catalysts that can be reused and 
minimize the requirement of final product purification stages for its commercialization [6,10–12].  
With this purpose, materials with both acid and basic properties, as well as biocatalysts which 
incorporate enzymes, have been synthesized, characterized, and tested in the transesterification 
of different substrates [13–18]. Catalysts with basic properties are preferred since the reaction 
rate is considerably higher than that catalyzed by an acid, and it uses mild reaction conditions 
[9,19].  
On the other hand and as it is already known, the transesterification of vegetable oils and fats with 
a short-chain alcohol is a reversible process. According to the reaction stoichiometry, three moles 
of alcohol are required per mole of triglyceride to obtain three moles of alkyl esters of fatty acids 
and one of glycerol [20]. However, to achieve high FAME yields, alcohol is frequently added in 
excesses (in different molar ratios respect to the oil loading) to shift the balance in the desired 
product direction [21]. Moreover, when working with heterogeneous catalysis and given the 
existence of three different phases (alcohol + oil + solid catalyst), the reaction rates are usually 
lower than those of the homogeneous processes. Therefore, longer times are required to reach 











mixture, as well as by modifying the temperature, mixing rate, reactants purity, catalyst type and 
charge [8,22].  
Within the variety of solid basic catalysts that are currently produced, those supported on 
mesoporous silica are of interest since the dispersion of the active phase on a large specific surface 
(>800 m2) usually generates a better active site availability and promotes mass transfer [23,24]. 
However, one of the drawbacks of using these materials is the leaching of the active species to the 
reaction mixture, which considerably reduces the useful life of the catalyst [25–28].  
In a previous research, it was demonstrated that supporting sodium on mesoporous SBA-15 
results effective for the transesterification of sunflower, soybean and frying oil with absolute 
methanol. At 5 h and 60 °C, FAME contents greater than 96 wt% were obtained with a catalyst 
charge of 8 wt% and a 14:1 methanol to oil molar ratio. Nevertheless, the FAME content dropped 
to 83 wt% in the second reaction cycle due to the partial leaching of sodium species [16].  
Several alternatives to mitigate this disadvantage are being studied. Among them, the 
development of bimetallic materials, thereby stabilizing the active phase by adding another metal 
to the support can be considered. Additionally, this second metal could act in synergism with the 
former and confer to the catalyst new properties which favor the reaction [29]. 
In the case of biodiesel production, it has been reported the effect of combining alkali and alkaline 
earth metals with other metals, such as cerium (Ce), zirconium (Zr) and zinc (Zn), either by direct 
synthesis or by impregnation, to obtain bimetallic catalysts. This would help to increase the 
activity promoting a higher basic strength, and to improve the stability of the material, making 
possible to reuse it over several reaction cycles without further loss of the active species [6,30].  
Chen et al. used a Na/Zr-SBA-15 catalyst, obtaining FAME yields between 85-88% by reacting 
rapeseed oil with methanol (70 °C, 6 h, 12 wt% of catalyst and 6:1 methanol/oil molar ratio). 
Nonetheless, after the first cycle, the activity fell around 12-15%, remaining constant in the two 
subsequent cycles [31]. Thitsartarn et al. incorporated cerium into the SBA-15 structure during 
the synthesis and then impregnated calcium in different concentrations. The material with a Si/Ce 











palm oil and methanol, with a yield of 87% in 6 h (5% of catalyst, 85 °C, 20:1 methanol/oil molar 
ratio). This catalyst was used in several consecutive cycles with the yield being reduced up to 75% 
[27]. Malhotra et al. synthesized materials based on SBA-15 doped with lithium and cerium. 
Despite obtaining solids with a low specific area (~148-103 m2/g), possibly due to the structural 
deterioration generated by lithium on the mesoporous silica, the catalyst gave biodiesel yields 
over 95% and was successfully used for 5 cycles after optimizing reaction conditions [21].  
In terms of homogeneous catalytic systems, sodium is one of the most employed alkaline metals 
(normally as hydroxide) owing to its relatively low price and high basic strength, which provides 
high reaction rates [8]. However, regarding heterogeneous catalytic systems, even though 
sodium-modified-materials result in highly basic properties and high catalytic activity in 
transesterification, they do not usually maintain good stability and, therefore, good yields over 
several reaction runs, as previously mentioned. 
The present work exposes the use of cerium to enhance the reusability capacity of catalysts 
constituted by sodium supported on SBA-15. We focus on a possible shielding effect of cerium on 
sodium-doped-mesoporous material to enhance its stability, which has not been studied in detail 
in the literature until date. 
The synthesized materials were employed in the transesterification of sunflower oil with absolute 
methanol to produce biodiesel. A study of the impact of alcohol to oil molar ratio and catalyst 
charge was made to obtain FAME contents that meet the international standards. Further, the 
reusability of the best catalyst was evaluated under optimized reaction conditions to verify its 
stability through several reaction runs. 
Finally, achieving the FAME content established by the norms is not enough for the biofuel to be 
marketable. Many investigations ignore this point and therefore more studies in this regard are 
necessary. This is why, in addition to purity, density, kinematic viscosity, acid value and moisture 
content of the biodiesel produced by this route were tested to verify that they complied with 
international standards for its commercialization and use for transportation and industry 













2. Experimental  
 
2.1. Synthesis and characterization of the catalysts 
 
SBA-15 was synthesized by the hydrothermal process [33–35]. Triblock copolymer Pluronic 123 
(Aldrich) was used as a structure-directing agent and tetraethyl orthosilicate (TEOS, Aldrich) as 
the silicon source; meanwhile, a solution of hydrochloric acid (HCl, Cicarelli) was employed to 
regulate the pH. Reagents were stirred at 40 °C for 20 h and then aged into a Teflon autoclave, under 
static conditions at 80 °C for 24 h. The obtained suspension was filtered, washed with distilled water 
and dried at 60 °C overnight. The recovered powder was finally calcined at 500 °C for 8 h, using a 
heating rate of 1 °C/min [36].  
The mesoporous support was doped by the wet impregnation method. Sodium and cerium 
nitrates (NaNO3, Mallinckrodt and Ce(NO3)3·6H2O, Aldrich) were used as metal sources. The 
theoretical sodium loadings were 5 and 10 wt%, related to the final catalyst mass. The cerium 
loading was maintained at 20 wt%, since it was reported to be the optimum to give good stability 
to the catalyst [21]. Firstly, the salts were dissolved in distilled water and then, the support was 
added (0.08 g/mL of solution). The suspension was stirred at ambient temperature for 6 h. After 
this, the solvent was evaporated in an oven at 100 °C overnight. Finally, the materials were 
calcined at 550 °C for 5 h, using an 8 °C/min heating rate, which is the known to promote a good 
dispersion of the active phase on the support [36]. The obtained catalysts were named 
XNa/YCe/SBA-15, where X and Y represent the theoretical metal loadings in weight percentage. 
Small-angle X-ray scattering (SAXS) analysis was performed using a Xenocs XEUSS 2.0 equipment 
provided with a Pilatus 100 K detector and CuKα radiation (λ=0.154 nm). Measures were made in 











PANalytical X-Pert Pro X-ray powder diffractometer, with a Bragg-Brentano geometry. A CuKα 
lamp was employed (40 kV, 40 mA), in a 2θ range between 20-80°. 
High-resolution transmission electron microscopy (HR-TEM) images were taken on a JEOL JEM-
2100 Plus microscope with an acceleration voltage of 200 kV, and equipped with an Oxford X-MAX 
65 T energy dispersive spectrometer (EDS).  
The specific surface of the materials was measured by the Brunauer–Emmett–Teller (BET) 
method, employing a Micrometrics Pulse ChemiSorb 2700 equipment. 
Carbon dioxide temperature-programmed desorption (CO2 TPD) profiles were recorded on a 
Micromeritics ChemiSorb 2720 equipment. Samples were treated at 150 °C for 30 min under 
nitrogen flow (20 mL/min). Then, the temperature was set at 80 °C, and CO2 (50 mL/min) was 
introduced for one hour. Once the excess of CO2 was purged with He (20 mL/min for 45 min at 
100 °C), samples were heated up to 950 °C using a ramp of 10 °C/min. A conductivity detector was 
used to measure the desorbed CO2. 
X-ray photoelectron spectroscopy (XPS) analysis was performed on a Thermo Fisher Scientific K-
Alpha+ X-ray Photoelectron Spectrometer, equipped with an Al X-ray source. Data was analyzed 
by employing the software Thermo Avantage 5.9912. 
 
2.2. Catalytic activity 
 
Reactions were carried out for 5 h in a three-neck flat-bottom flask placed on a hot plate with a 
magnetic stirrer and connected to a reflux condenser. Sunflower oil (Cocinero) and absolute 
methanol (Sintorgan) were used as reagents. The initial catalyst loading was 8 wt% referred to 
the oil mass [16]; meanwhile, alcohol to oil molar ratio was varied between 14:1 and 40:1. The 
temperature was maintained at 60 °C and magnetic stirring at 600-700 rpm. During the run, 











After 5 h, the catalyst was recovered by filtration and the excess of methanol was recovered in a 
rotary evaporator. To ensure the separation of biodiesel and glycerol, products were settled in a 
separatory funnel overnight. Finally, biodiesel was kept in a freezer (-18 °C) until its analysis. 
Before the next reaction cycle, the catalyst was washed with acetone (~5 mL) and calcined for 5 h 
at 550 °C with a heating rate of 8 °C/min. 
All reactions were performed at least in duplicate. The results are expressed as mean values, with 
relative percentage differences between them always less than 5% of the mean. 
 
2.3. Biodiesel quantification and characterization 
 
Reaction products were quantified by Fourier Transform Infrared Spectroscopy (FT-IR) following 
the method described by Mahamuni et al. [37]. A Thermo Scientific Nicolet iS10 Spectrometer 
equipped with a horizontal attenuated total reflectance (ATR) accessory was employed. Each 
spectrum was taken in the range between 650-4000 cm−1, with a 4 cm−1 resolution and 50 scans 
per sample. The fatty acid methyl esters were quantified measuring the height of the bands at 
1436 and 1196 cm−1 (CH3 asymmetric bending and O–CH3 stretching vibration of methyl esters, 
respectively) respect to a baseline located parallel to the abscissa axis and that intercepted the 
spectra at a wave number of 2000 cm-1 (one base). Lipids were quantified in the same way 
employing the bands at 1097 and 1377 cm−1 (O–CH2–C asymmetric axial stretching of 
triglycerides and O–CH2 groups in glycerol moiety of mono, di, and triglycerides, respectively. See 
Fig. S1 in Supplementary Material). For calibration, patterns were prepared by mixing B100 with 
sunflower oil in different mass percentages (10–90 wt %), and Thermo Scientific™TQ Analyst™9.7 
Software was employed to construct the calibration curves (band height vs. FAME wt% and band 
height vs. lipids wt%). The technique was validated by high performance liquid chromatography, 
using a Perkin Elmer Series 200 HPLC was used, equipped with a UV/visible detector, a Vertex 










quantify FAME with an accuracy that varies between 97.4-99.9% for concentrations above 20% 
by weight. 
Biodiesel acid value was determined by volumetric titration according to the standard EN 14104 
(2003). An aqueous solution of KOH 0.1 M was used as a titrant, 2-propyl alcohol as a solvent, and 
an ethanolic solution of phenolphthalein as the end point indicator. Results are expressed in mg 
of KOH per g of sample. 
Water content was measured using the Karl Fischer titration technique, following the standard 
EN ISO 12937 (2003). A Metrohm 899 Coulometer (Herisau, Switzerland) was used. 
The kinematic viscosity was measured at 40 °C, according to the standard ASTMD 445-06. An IVA 
Cannon-Fenske glass routine viscometer series 100 (Buenos Aires, Argentina) was employed. 
-------------------------------------------------------------------------------------------------------------------- 
 
3. Results and discussion  
 
3.1. Catalysts characterization  
 
Small-angle X-ray scattering was employed to corroborate the pore ordering of the synthesized 
support and its permanence after doping it with the different metal loadings. The resulting SAXS 
patterns are shown in Fig. 1. The SBA-15 exhibits three well-resolved peaks, indexed to the 
diffraction of planes (1 0 0), (1 1 0) and (2 0 0), typical of a 2D hexagonal pore arrangement 
(p6mm) [33,34]. After cerium and sodium impregnation, the periodic-ordered structure of SBA-
15 remains for the 20Ce/SBA-15 and 5Na/20Ce/SBA-15 catalysts; however, the intensity of the 
peaks decreases possibly because of the decreasing scatter contrast between pore walls and space 
with the introduction of metal species [26]. This can also be observed in the decrease of the 
specific surface of the materials as the metal loading increases (see Table 1). 10Na/20Ce/SBA-15 
only shows the peak corresponding to the plane (1 0 0) with low intensity, which indicates a loss 











Thitsartarn et al., the process of calcination at high temperatures could reduce the leaching of 
active species by enhancing their interaction with the support; nonetheless, the material could 
inevitably lose some of specific surface and basicity by sintering process [6]. Here, although all 
synthesized catalysts were submitted to calcination, its effect was more marked for 
10Na/20Ce/SBA-15, probably due to the increased presence of Na species, such as sodium oxides, 
that can partially block some mesopores and favor the collapse of the structure during the high-
temperature treatment [36,38,39]. This behavior was reported by Chen et al. when Na was 
incorporated into Zr-SBA-15 catalysts by wet impregnation [31].  
 
 
Fig. 1. SAXS patterns of the synthesized materials. 
 



















High-angle XRD patterns of the metal-modified materials (Fig. 2) present the characteristic peaks 
of a fluorite-type cubic structure Fm3m (JCPDS no. 034-0394) of cerium oxide (CeO2) [21,40]. This 
phase may be segregated on the support surface. On the other hand, no peaks corresponding to 
sodium species are observed, evidencing that they could be finely dispersed on the silica support 
[36]. As expected, SBA-15 only shows the amorphous-silica peak at 2θ = ~22° [41]. 
 
 
Fig. 2. High-angle XRD patterns of the synthesized materials. 
 
TEM images were used to study the nanostructure of the materials. As can be seen in Fig. 3 a-b, 
the SBA-15 shows the typical hexagonal and parallel pore arrangement in agreement with the 
SAXS and XRD patterns. The pore diameter estimated from the images is ~5 nm while the wall 
thickness is about 4 nm. When Ce is incorporated (Fig. 3 c-d), ceria crystals covering the surface 
are observed, confirming the presence of crystalline phases as seen by XRD, although the long-
range channel ordering of the mesoporous support remains. Then, the detriment of the 
20Ce/SBA-15 specific area could be produced by a partial blocking of the mesopores owing to 
such CeO2 phase, as already informed by Pal et al. [42]. 5Na/20Ce/SBA-15 (Fig. 3 e-f) also 











20Ce/SBA-15, possibly due to the combined effect of metal loadings; nevertheless, 
10Na/20Ce/SBA-15 (Fig. 3 g-h) does not seem to maintain the original mesoporous structure 
because no channels can be seen. This confirms the conclusions drawn from the SAXS pattern and 
the specific surface value. In agreement, 5 wt% of Na is the most suitable loading to achieve a 













Fig. 3. TEM images of SBA-15 (a, b), 20Ce/SBA-15 (c, d), 5Na/20Ce/SBA-15 (e, f) and 












The elemental mapping of 5Na/20Ce/SBA-15 catalyst (Fig. 4) and the TEM-EDS spectrum (see 
Fig. S2 in Supplementary Material) ratify the loading and the good dispersion of cerium and 
sodium throughout the siliceous support surface; meanwhile, the distribution of the elements 
along 10 aligned points for the three metal-modified catalysts can be seen in the graphs of the EDS 
linear chemical composition analysis (see Fig. S3 in Supplementary Material).  
 
 
Fig. 4. Elemental mapping of 5Na/20Ce/SBA-15 catalyst. 
 
The basicity and basic strength of the catalysts was studied by carbon dioxide temperature-
programmed desorption. As explained by Wen et al., the complexity of the obtained profiles (Fig. 
5) evidences the heterogeneity of the surfaces of the catalysts, since CO2 interacts with oxygen 
atoms of different chemical nature, with different binding energy and coordination [43]. In this 
way, the strength of sites increases as the peaks move to high temperatures in the TPD profile, 
and the area under the curve is proportional to the number of sites. 
The desorption band in the approximate range of 70-250 °C is attributed to weak basic sites, given 
by adsorption of the probe molecule on –OH species of the siliceous support [6,26]. As expected, 
SBA-15 only exhibits a peak in this region. The interval between 250-600 °C represents the 
adsorption of CO2 on medium basic sites [26]. The 5Na/20Ce/SBA-15 catalyst stands out from the 
other materials in this region, evidencing the main presence of species such as sodium silicates as 
previously reported [36]. However, the 20Ce/SBA-15 also shows a weak band in this zone. 











sodium oxides [26,39]. The 10Na/20Ce/SBA-15 exhibits a marked peak in this area, 
demonstrating its highest basic strength, which could also be responsible for its lack of structure: 
despite its thick pore walls, SBA-15 seems not to be resistant to high loadings of strong alkali 
metals as already reported [36,44].  
 
 
Fig. 5. CO2 TPD profiles of the synthesized materials. 
 
Table 2 shows the quantification of weak, medium and strong basic sites in the materials, 
measured as mmol of desorbed CO2 per gram of sample. As can be seen, SBA-15 has a small 
number of basic sites, and they are mainly weak. The amount of medium and strong sites increases 
with the incorporation of the metals. Many authors describe that CeO2-dopped-SBA-15 consists of 
both Lewis acid and basic sites due to the presence of exposed and highly mobile O2- ions. 
Nevertheless, the basic strength of CeO2 is less than that of alkali metals [21,42]. This fact together 
with the presence of ceria crystalline phases evidenced by XRD and TEM could explain why the 
amount of basic sites on the 20Ce/SBA-15 catalyst is small despite the high metal loading [30]. 
After a simultaneous co-impregnation procedure of SBA-15 with both metals (Na and Ce), the total 











basic sites, possibly caused by the preferred formation of silicate species rather than oxide species 
due to a better dispersion of sodium on silica [26]. Nevertheless, when Na content increases up to 
10 wt%, the total basicity decreases, although 10Na/20Ce/SBA-15 shows the highest proportion 
of strong sites. This can be explained by the fact that the ordered structure of 10Na/20Ce/SBA-15 
has collapsed, restricting the availability of sites despite the higher sodium content [6]. Ayoub et 
al. reported that high loadings of strong alkalis could react with the silica support and produce the 
collapse of the structure when those strongly basic species are formed during calcination [44].  
 
Table 2. CO2 adsorption capacity on the different catalysts. 
Material 
 Basicity









SBA-15 0.23 0.05 0.00 0.28 
20Ce/SBA-15 0.02 0.12 0.17 0.31
 
5Na/20Ce/SBA-15 0.25 0.76 0.03 1.04
 
10Na/20Ce/SBA-15 0.01 0.07 0.47 0.55
 
a Calculated from the integrated areas of TPD bands. 
 
XPS study was employed to determine the chemical environment and the electronic state of the 
different elements present on the catalysts, as well as the interactions of the doped-metals with 
the silica network. Fig. 6 shows the spectra regions of Si 2p, O 1s, Na 1s and Ce 3d for the 
synthesized materials, while Table 3 shows the binding energies corresponding to each peak. C 1s 












Fig. 6. XPS spectra of regions: (a) Si 2p, (b) O 1s, (c) Na 1s and (d) Ce 3d of the synthesized 
materials. 
 
It should be mentioned that the observed shoulders at lower binding energy in addition to the 
main peak in the Si, O and Na regions may be owing to a difference in the charge compensation 
between the materials surface and the mesopores. 
Si 2p spectra correspond to the presence of SiO2 species of the siliceous support. According to 
Malhotra et al., this signal is due to the contribution of Si-O bonds and SiOH2+ species over the 
catalyst surface. The shift of this band to lower binding energies for the modified materials 
compared to the pure SBA-15 (from 104.3 to 102.8 eV), suggests the existence of a strong 












Table 3. Binding energy and assignment of Ce 3d XPS data for the synthesized materials. 
Material 
Si 2p  
(eV) 
O 1s  
(eV) 




Ce 3d5/2 Ce 3d3/2 
v0 v1 v2 v3 u0 u1 u2 u3 
SBA-15 104.3 533.6 - - - - - - - - - 
20Ce/SBA-15 104.0 533.4 - 883.2 886.6 889.9 899.0 902.1 905.5 908.8 917.1 
5Na/20Ce/SBA-15 103.2 532.6 1071.7 881.7 884.7 888.3 897.7 900.1 903.3 907.2 916.4 
10Na/20Ce/SBA-15 102.8 532.1 1071.1 881.7 885.0 888.4 897.5 900.4 903.9 907.3 915.9 
aCe 3d assignment was made according to the deconvoluted spectra (see Fig. S4 in Supplementary 
Material).  
 
The Ce 3d signal shows multiple peaks in the binding energy range of 875-925 eV. The spectra 
were deconvoluted into eight peaks corresponding to four doublets associated with Ce3d5/2 (v) 
and Ce3d3/2 (u) spin-orbit coupling states (see Fig. S4 in Supplementary Material). As described by 
Zhang et al., the doublets (v0, u0), (v2, u2) and (v3, u3) can be identified with the 3d10 4f0 state of Ce4+, 
while the doublet (v1, u1) is characteristic of the 3d10 4f1 state of Ce3+ (see Table 3 and Fig. 6-d) 
[21,40,46]. Bêche et al. stated that the presence of the contribution in the range of 915-917 eV (u3) 
for the three catalysts loaded with cerium, and associated with the Ce3d3/2, is a fingerprint of 
tetravalent cerium (Ce4+). Then, this signal confirms the existence of the ceria phase on the 
mesoporous support [47].  
Na 1s symmetric signal appears for the metal loaded materials at ~1071 eV, confirming the 
incorporation of sodium on the support surface (see Fig. 6-c and Table 3) [36].  
Finally, O 1s signal is mostly attributed to the oxygen atom present in the form of SiO2 in the 
support. Meanwhile, many authors reported that lattice oxygen of ceria and sodium species also 
contribute for the metal-modified-materials, making the peak asymmetric as observed in Fig. 6-b. 
Thitsartarn et al. reported that the surface oxygen species and, therefore, the shifting of BE O 1s 
signal correlates to the basic strength of solid catalysts. This is why these species should be 
studied to understand the basic properties and catalytic behaviors of the synthesized materials. 
The transference of electrons to oxygen species of the catalysts (electron pair donation) leads to 











basic strength of the active sites. This electron transfer is evidenced by the shift of the O 1s signal 
to lower binding energy values [27]. In this way, the slight shifting of O 1s signal to lower values 
compared to SBA-15 (from 533.6 to 533.4 eV), provides scarcely significant Lewis basicity to 
20Ce/SBA-15 catalyst, as verified by CO2-TPD [6,42]. When SBA-15 is impregnated with both 
metals (sodium and cerium), the shifting of the O 1s band becomes more marked, as observed in 
Fig. 6-b. This result is in good agreement with the literature, in which the reduction properties of 
cerium-doped with alkali was reported [6]. Consequently, it can be deduced that the greater 
shifting of O 1s signal in 5Na/20Ce/SBA-15 and 10Na/20Ce/SBA-15 catalysts to lower position 
as compared to the 20Ce/SBA-15 catalyst and the pure support (see Fig. 6-b and Table 3) is due 
to sodium species incorporation. This correlates to the higher basic strength of these materials 
and gives account for the presence of exposed and highly mobile O2- ions on the catalyst surface, 
which is in agreement with CO2-TPD analysis results [27].  
 
3.2. Catalytic activity 
 
The synthesized materials were tested on the transesterification of commercial sunflower oil with 
absolute methanol to produce FAME, according to the optimum reaction conditions previously 













Fig. 7. FAME content vs. reaction time employing the synthesized catalysts. Reaction conditions: 
8 wt% of catalyst, 14:1 alcohol to oil molar ratio, 60 °C, magnetic stirring at 600-700 rpm, and 5 
h. The dashed line indicates the minimum limit according to European standard EN 14214. 
 
As expected, the mesoporous support (SBA-15) produced negligible FAME owing to the lack of 
active sites for transesterification. As seen on CO2-TPD patterns, SBA-15 only has a small quantity 
of weak basic sites due to its poor ability to adsorb CO2, which does not catalyze the reaction [39].  
When using 20Ce/SBA-15 as a catalyst, less than 2 wt% of FAME was obtained. This behavior can 
be explained taking into account that although this material has medium and strong basic sites 
(Table 2 and Fig. 5), its total basicity as well as the basic strength are still low, characteristic also 
confirmed by XPS. Additionally, the big ceria crystals observed by TEM have less exposed surface, 
and these crystalline phases may not favor the reaction as already informed [36].  
Then, sodium loading is necessary to generate active sites that carry out the transesterification 
reaction [27]. As seen in CO2-TPD patterns and XPS, sodium promotes the generation of medium 
and strong basic sites on the catalyst surface and essential for the reaction to take place [48]. As 











and forms an oxygen anion (methoxy). Then, the nucleophilic attack of the adsorbed alcohol to 
the triglyceride generates a tetrahedral intermediate and as a result, the esters are obtained [24].  
A 5% by weight of Na produced an 83 wt% of FAME after 5 h, while 71 wt% of FAME was obtained 
when the Na loading was 10 wt%. The fact that FAME content did not increase with the alkali 
metal content can be explained by the lack of the ordered structure of the 10Na/20Ce/SBA-15 
catalyst, which gives a poor exposed surface of the active centers and lower total basicity despite 
its high basic strength, as previously mentioned. Thus, the FAME content is influenced by both the 
basic strength and the amount of basic sites [30].  
However, in these initial reaction conditions, the best catalyst (5Na/20Ce/SBA-15) did not reach 
the minimum FAME content required by EN 14214. For this reason, different methanol to oil 
molar ratios were evaluated, aiming to achieve FAME yields that meet the standards (Fig. 8). 
 
 
Fig. 8. Effect of methanol to oil molar ratio on FAME content when 5Na/20Ce/SBA-15 is employed 
as a catalyst. Reaction conditions: 8 wt% of catalyst, 60 °C, magnetic stirring at 600-700 rpm, and 












Higher FAME contents were obtained when the methanol content was increased since the 
reaction rate also increases, reducing the necessary time to reach the required FAME content. 98.5 
wt% of biodiesel was reached in 180 min with a 40:1 methanol to oil molar ratio, which shortens 
the initial reaction time of 5 h. In this way, the use of an excess of methanol served to shift the 
balance towards the formation of the desired product. Even though increasing the methanol 
content seems to be a disadvantage, the possibility to recover and reuse it makes this alternative 
potentially viable.  
 
3.3. Catalyst reusability 
 
The facility of separating and reusing the solid catalyst is an important economic as well as 
environmental benefit over its homogeneous equivalent [49]. However, one of the main problems 
that biodiesel production presents when using alkaline solid catalysts is the leaching of the active 
phase from the surface to the reaction mixture, which shortens the life of the material.  
In a previous research, Na/SBA-15 catalysts were studied, which produced FAME contents greater 
than 96 wt% in the first reaction cycle. However, the activity markedly decreased in the second 
run, leading to a FAME content near 80 wt% [16]. This was the main reason for introducing a 
second metal (Ce) as a strategy to stabilize the sodium species and to mitigate leaching. 
In consequence, the durability of the 5Na/20Ce/SBA-15 catalyst was investigated. Once the 
reaction was over, the catalyst was recovered by filtration and washed with acetone to remove 
any adsorbed compound. Then, the solid was regenerated in an oven for 5 h at 550 °C before the 
next cycle. The need for a calcination stage before the next run was mentioned by Chen et al., who 
point out that washing the Na/Zr-SBA-15 catalyst to remove any remaining oil is not completely 
efficient to recover initial activity [31]. Reactions were carried out under the optimized conditions 
mentioned above.  
As observed in Fig. 9, the catalyst was able to maintain high FAME contents (over 80 wt%) in five 











results confirm the good stability of the catalyst conferred by Ce addition, together with its better 
performance compared with that of other Na-modified-SBA-15 catalysts previously studied in the 
transesterification reaction [16,30,31]. In summary, the catalyst could be used at least for five 
reaction runs without a significant loss of the activity. 
 
 
Fig. 9. Reusability of 5Na/20Ce/SBA-15 catalyst. Reaction conditions: 8 wt% of catalyst, 40:1 
alcohol to oil molar ratio, 60 °C, magnetic stirring at 600-700 rpm, and 5 h. 
 
Nevertheless, since the obtained FAME contents after cycle 2 are far from the required by the 
standards, the catalyst concentration was increased to 10 wt%, maintaining the other reaction 
conditions as mentioned above. In order to preserve the activity, the availability of active centers 
was increased. Under these conditions, it can be seen in Fig. 10 that, at 180 min, the FAME content 













Fig. 10. FAME content vs. reaction time when 5Na/20Ce/SBA-15 is employed as catalyst. Reaction 
conditions: 10 wt% of catalyst, 40:1 alcohol to oil molar ratio, 60 °C, magnetic stirring at 600-700 
rpm, and 5 h. The dashed line indicates the minimum limit according to European standard EN 
14214. 
 
Then, as seen in Fig. 11, the reused catalyst was active over four additional cycles in the new 
reaction conditions. More than 90% by mass of biodiesel was obtained in each of them, being these 
values within EN 14214 standard until the fourth cycle.  
Several studies on solid catalysts showed that the performance of bimetallic catalysts over time is 
better than that of unimetallic catalysts owing to greater thermal stability and other effects 
[21,45]. Elías et al. reported the “shielding effect” that a second metal could produce over the first 
one while coating the catalyst surface with a layer of a metallic oxide, which might prevent 
leaching of active species during the reaction [29]. In this way, CeO2 could have a shielding effect 
on Na species [48]. Furthermore, as reported by Thitsartarn et al., there could also be an 
interaction between Na and Ce due to some vacancies created by the substitution of Ce ions by Na 
ions in the ceria phase during calcination. Since the Ce ion on CeO2 has a valence of 4 and the Na 











neutrality on the catalyst surface [6]. This feature can be inferred by the EDS linear chemical 
composition analysis and when superimposing the EDS mappings (see Fig. S4-b and S5 in 
Supplementary Material, respectively), where sodium (light blue) is found mainly in the vicinity of 
cerium (fuchsia color) and they are equidistant from each other. These interactions along with the 
electron transfer between the catalyst components as shown in XPS results may prevent leaching 
of the metals ions, leading to the high material stability for the transesterification reaction [30]. 
Contrary to this finding, in the Na/Zr-SBA-15 catalysts reported by Chen et al., Zr could not 
produce such shielding effect over Na, possibly since it is incorporated into the SBA-15 network 
by direct synthesis [31]. 
 
 
Fig. 11. Reusability of 5Na/20Ce/SBA-15 catalyst. Reaction conditions: 10 wt% of catalyst, 40:1 
alcohol to oil molar ratio, 60 °C, magnetic stirring at 600-700 rpm, and 5 h. 
 
Finally, to confirm the heterogeneous catalytic character of the reaction, the hot filtration test was 
performed [21,49]. After one hour of reaction in the optimized conditions, the solid catalyst was 
removed by filtration under reduced pressure. Then, the resulting liquid mixture was heated up 











12 illustrates, after removing the catalyst, biodiesel production ceased, and the percentage by 
weight of FAME remains relatively constant (~58 wt%). Thus, it can be assumed that 
homogeneous contribution is not significant to the transesterification activity under optimized 
reaction conditions.  
 
 
Fig. 12. Hot filtration test for 5Na/20Ce/SBA-15 catalyst. Reaction conditions: 10 wt% of catalyst, 
40:1 alcohol to oil molar ratio, 60 °C, magnetic stirring at 600-700 rpm, and 5 h. 
 
3.4. Biodiesel characterization 
 
After optimizing the reaction conditions to achieve the FAME content specified by the European 
standard EN 14214, employing 5Na/20Ce/SBA-15 as a solid catalyst, key quality parameters of 
the produced biodiesel were evaluated. This characterization is relevant when the possibilities of 
corrosion, clogging of the filter, fuel injection problems, and risk in storage and usage exist 
[24,50,51]. Thus, Table 4 illustrates the main properties of sunflower oil methyl esters obtained. 
Biodiesel density is important since it influences the injection performance of the biofuel [2,50]. 












Table 4. Physicochemical properties of the obtained biofuel. 
Specifications 
EN 14214: 2008 limits 
Results 
Minimum Maximum 
FAME content (wt%) 96.5 - 98.9 
Density at 15 °C (g/cm3) 0.86 0.90 0.89 
Kinematic viscosity at 40 °C (mm2/s) 3.5 5 4.9 
Acid value (mgKOH/gbiodiesel) - 0.5 0.39 
Water content (wt%) - 0.05 0.05 
 
Another parameter that controls the performance of the injectors is the fuel kinematic viscosity. 
Biodiesel presents greater viscosity than diesel obtained from fossil sources. Nevertheless, 
unreacted glycerides can increase the viscosity of biofuel. This is why viscosity is also an indicator 
of the effective conversion of the oil into FAME. Therefore, high values lead to carbon deposition 
during fuel atomization and reduce combustion efficiency [2,50,52]. The obtained result from the 
experiments is between the desirable ranges, as seen in Table 4.  
The stability of the biofuel is affected by the presence of high levels of free fatty acids (FFA). The 
FFA concentration is measured through the acid value [2,24,50]. The value resulting from the 
titration demonstrated that the FAME produced here complies with the standard.  
Since excess moisture is detrimental for diesel engines and also affects the biodiesel oxidation 
stability, it is relevant to measure the water content to determine the storage life of the fuel 
[2,24,50]. As observed, the obtained biodiesel from the optimized reaction matches the upper 





Na/Ce/SBA-15 catalysts were successfully prepared by wet impregnation method. 











by mass) produced a marked deterioration of the ordered structure of the material together with 
a partial blockage of the pores, reducing the exposure of the active sites. However, a loading of 5 
wt% of sodium and 20 wt% of cerium resulted effective to achieve a material with good structure, 
basicity and basic strength necessary to efficiently carry out the transesterification reaction of 
sunflower oil with absolute methanol. Under optimized reaction conditions (10 wt% of catalyst, 
40:1 methanol to oil molar ratio, 60 °C and 700 rpm), a 98.9 wt% biodiesel content was achieved 
in 3 h. Moreover, this material was successfully reused in five consecutive cycles without further 
loss of catalytic activity (FAME contents > 90 wt%). Additionally, the biodiesel obtained through 
this route was characterized, verifying that it meets the requirements of key properties such as 
density, kinematic viscosity, acid value, and moisture for its commercialization as an alternative 
fuel, according to EN 14214: 2008 standards. Therefore, the synthesized solid catalyst 
5Na/20Ce/SBA-15 may be suitable for large-scale biodiesel production. In addition, its solid-state 
would allow it to be packed in a fixed bed reactor and thus be used in continuous biodiesel 
production, which will be subject of future work. 
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